Abstract: In order to obtain temperature-responsive hydrogel networks, poly-(glycidol-block-ethylene oxide-block-glycidol) copolymers were chemically crosslinked by using glutaraldehyde and tetraethoxysilane in a sol-gel reaction. The crystallinity of copolymer networks prepared has been estimated by differential scanning calorimetry. Thermo-responsive properties were evaluated by measuring the equilibrium swelling degree for a series of copolymer hydrogels as a function of temperature.
Introduction
Networks and gels sensitive to the action of external stimuli such as temperature, pH, radiation, etc. are subject of numerous studies. For their synthesis, polymers that exhibit lower critical solution temperature (LCST) in water are most frequently used.
Stimuli-responsive networks display abrupt contraction in volume in response to a change in the environment. The temperature sensitivity of the network, like the LCST of the linear (non-crosslinked) chains, can be engineered by changing the hydrophilic/hydrophobic balance of its constituents. The swelling/deswelling processes of stimuli-responsive networks can be used in drug delivery [1] [2] [3] [4] , enzyme activity control [5] [6] [7] [8] , membrane separation [9, 10] , biosensors, artificial tissues [11] [12] [13] and others.
Poly(ethylene oxide) (PEO) is a water-soluble polyether with envisaged biomedical applications due to its lack of toxicity and immunogenicity, rapid clearance from the body and large exclusion volume in water. It is used to obtain stimuli-responsive networks [14] [15] [16] [17] . Linear PEO however has an LCST of over 100°C [18, 19] . To modulate the temperature behaviour of PEO macromolecules, hydrophobic groups or segments have to be introduced [20] [21] [22] [23] [24] . PEO-containing thermosensitive materials are obtained via crosslinking of EO copolymers with another thermosensitive [25] [26] [27] 1 or hydrophobic polymer [6, 28] or by mixing PEO with a second thermosensitive polymer [28, 29] . The lack of reactive functional groups in the PEO chains, except for the end groups, makes proper adjustment of the hydrophilic-hydrophobic balance difficult.
Previously [30] we have shown an easy way to obtain di-and triblock copolymers of EO and its functional analogue 2,3-epoxypropanol-1, hereafter referred to as glycidol. These copolymers, when crosslinked, yield hydrogels with an equilibrium swelling degree in water up to 3000%. Polyglycidol (PGl) itself is water-soluble in the temperature range from 0°C to the boiling point of water. We have shown that proper hydrophobic modification of this polymer leads to random copolymers with LCST behaviour [31] . The transition point can be adjusted to any value between 4 and 100°C.
The aim of this work is the synthesis of thermo-responsive networks by crosslinking triblock copolymers of PEO and polyglycidol with glutaraldehyde. The influence of copolymer composition, network density and in situ incorporation of silica through a sol-gel reaction of tetraethoxysilane (TEOS) on the temperature-response of the hybrid hydrogels is reported.
Results and discussion

Synthesis of PGl-PEO-PGl copolymers and networks
2,3-Epoxypropanol-1 is known to undergo both cationic and anionic polymerization, giving rise to highly branched products. In the cationic polymerization, the activated monomer mechanism prevails [32, 33] , the attack of the hydroxyl group of the polymer on the protonated monomer causing high branching. In the anionic polymerization, there is a fast exchange of protons between the hydroxyl groups and the alcoholate active centres so that most of the hydroxyl groups are engaged in chain growth. This fact [34] is used to obtain densely branched dendritic polyglycidols via a process called ROMP (ring opening multibranching polymerization). HO To synthesize linear polymers of glycidol, the hydroxyl group of the monomer has to be protected. The acetalization of glycidol with ethyl vinyl ether yields a protective group, which is stable under the conditions of the anionic polymerization and can be easily removed [35, 36] . We have proved the living character of the anionic polymerization of such protected glycidol [37] and applied it for the synthesis of block copolymers [30] . This approach is used in the present study for the synthesis of PGl-PEO-PGl triblock copolymers (Scheme 1).
The structure and composition of the copolymers were determined using 1 H NMR and gel permeation chromatography (GPC) equipped with a multiangle light scattering (MALLS) detector. The main characteristics of the products are summarized in Tab. 1. The number denotes the number-average degree of polymerization of the corresponding block.
The reaction between a hydroxyl-containing polymer and an aldehyde catalyzed by acid leads to the formation of acetal rings along the polymer chain [38] . When a dialdehyde such as glutaraldehyde is used, the acetalization could be applied as crosslinking reaction. This approach, already applied to poly(vinyl alcohol) [39] , has been used in the present work. Copolymer networks have been obtained by crosslinking the outer polyglycidol blocks of the PGl-PEO-PGl copolymers with glutaraldehyde (Scheme 2). For improving the mechanical properties of the samples, a low amount of silica was incorporated in the hydrogels by applying the sol-gel reaction of TEOS [40] within the swollen networks (Scheme 3). Tab. 2 gives a survey of the copolymer networks obtained. 
Bulk properties
The atactic polyglycidol is totally amorphous and exhibits only a glass transition at c.
-40°C. The crystallinity of the block copolymers and networks observed in differential scanning calorimetry (DSC) (Tab. 3) is therefore obviously due to the crystallization of the PEO blocks.
It is known that the crystallization of PEO segments is usually suppressed when they are incorporated in copolymer structures and particularly in networks [41] . Indeed, DSC measurements of the networks derived from PGl 10 -PEO 91 -PGl 10 revealed a lower degree of crystallinity compared to the PEO precursors and the corresponding linear triblock copolymer. Moreover, a considerable decrease in crystallinity was observed with increasing network density. The samples derived from the lowermolecular-weight precursor PGl 7 -PEO 34 -PGl 7 , however, exhibited no melting peaks in the DSC thermograms. This observation was attributed to the more compact structure of the network, where the lower mobility of the shorter PEO chains of PGl 7 -PEO 34 -PGl 7 is additionally restricted by the highly crosslinked polyglycidol segments, thus hampering completely the crystallization. 
Swelling behaviour of the networks
As it was already mentioned, the hydrophobic modification of polyglycidol leads to polymers with LCST behaviour [31] . The network formation was expected to increase the hydrophobicity of the material due to the reduction of the fraction of hydroxyl groups and the introduction of glutaraldehyde bridges containing hydrophobic hydrocarbon moieties. Although the linear triblock precursors are soluble in H 2 O in the whole range of temperature, temperature-responsive behaviour could therefore be expected for the crosslinked hydrogels.
The equilibrium swelling degree at room temperature depends on the copolymer composition as well as on the network density (Fig.1) . It is obvious that the network density could be controlled by varying both the copolymer composition and the amount of crosslinker used. The relatively low amount of soluble fractions, measured for the discussed networks, indicates that the crosslinking reaction with glutaraldehyde is highly efficient under the conditions used. The equilibrium swelling degree, Q, measured at room temperature can be used as a measure for the network density. At the same copolymer composition, Q decreases considerably with increasing the amount of glutaraldehyde (Fig.1, samples N-1 and N-2) . The shorter the middle PEO block, the lower the equilibrium swelling (Fig.1, samples N-1 and  N-3) . The polymer-silica hybrid hydrogels showed further lowering of the equilibrium swelling compared to the initial organic networks (Fig.1, samples N-1 and N-1-SiO 2 , N-3 and N-3-SiO 2 ), although the content of silica in the network was rather low. For all samples the equilibrium was attained in a relatively short period of time, within one hour (Fig.1) . Both networks obtained with higher amounts of glutaraldehyde, i.e., N-2 and N-3, showed identical swelling behaviour at ambient temperature independently of the length of the middle PEO block. The unusual swelling behaviour of N2 could be assigned to the presence of a crystalline phase, although at low percentage. The crystalline domains in polymer materials are known to act as physical crosslinks and should therefore be supposed to lower the equilibrium degree of swelling. The sample N-1 which is the most crystalline of all studied samples, however, swells much more then the densely crosslinked sample N-2 of lower crystallinity. This is an indication that not only the non-crosslinked areas of PEO, but also the hydroxyl groups remaining in the polyglycidol blocks after crosslinking contribute to the swelling capacity.
All networks exhibited a pronounced temperature-responsive swelling behaviour (Fig.  2) . The swollen samples exhibited continuous volume shrinkage with increasing temperature. At the same copolymer composition, the sample with lower crosslinking density N-1 showed a more dramatic shrinkage with temperature than the densely crosslinked N-2. The well-pronounced shrinkage of the densest network N-3 was assigned to the fact that this sample is completely amorphous as proved by DSC. As seen from Fig. 2 , the inorganic filler has no significant influence on the swelling behaviour of the looser network N-1. In the case of the dense network N-3, the filler causes almost 50% reduction of the equilibrium swelling at room temperature. On the other hand, the filled network shrinks slightly with temperature attaining the same shrunk state at 65°C as the pure hydrogel.
Repeating swelling-deswelling experiments of N-1 and N-2 confirmed the influence of the crystallinity of the samples on their swelling behaviour. Once shrunk at 70°C, both samples showed higher equilibrium swelling when placed back at room temperature (Fig. 3) . This is clearly due to the changed morphology of the samples, once molten during the shrinkage and then immediately quenched at room temperature. Both swollen and shrunk states are attained within 10 min, the shrunk state being stable and independent of the thermal history of the sample.
Experimental part
Materials
Glutaraldehyde (Fluka, 50% in water) and tetraethoxysilane (Aldrich) were used as received. PEO glycols M n = 1500 and M n = 4000 (Fluka) were dissolved in tetrahydrofuran (THF) and precipitated in hexane.
Synthesis of PGl-PEO-PGl copolymers
The monomer, ethoxyethyl glycidyl ether, was obtained in the p-toluenesulfonic acid catalyzed reaction of glycidol with ethyl vinyl ether, as described in ref. [35] . The macroinitiator, dicesium alcoholate of poly(ethylene glycol) (M n = 1500 and M n = 4000), was obtained from CsOH and PEO in water. Water was removed by azeotropic distillation with benzene and the macroinitiator was lyophilized. The polymerization of ethoxyethyl glycidyl ether initiated with this macroinitiator was carried out in THF using standard high vacuum technique. Details are given in ref. [30] Crosslinking of PGl-PEO-PGl copolymers
To a 10 wt.-% solution of PGl-PEO-PGl copolymer in distilled water, the catalyst HCl (10 wt.-%) and the crosslinker glutaraldehyde were added. The reaction mixture was stirred for 30 min and then transferred to a Petri dish. The gelation was let to proceed for 3 days at room temperature. The films obtained were dried in vacuum. Thickness of the films was 0.1 ± 0.02 mm, almost the same in all experiments.
To obtain hybrid polymer-silica networks, an emulsion of TEOS (20 wt.-%) in distilled water was alkalized with NaOH to pH 10 and hydrolyzed with stirring for 30 min.
Weighed films of the crosslinked PGl-PEO-PGl copolymers were immersed in the stock solution and let to swell to the equilibrium. The samples were taken out from the solution and kept at room temperature for 24 h. Gelation was continued for 24 h at 60°C in an oven. The obtained hybrid networks were dried in vacuum.
Soluble fractions were calculated from Eq. (1), where w o is the initial weight of the dry sample and w e is the weight of the dry sample after extraction with water. 
Measurements 1 H NMR of the block copolymers before removing the protecting groups was measured in CDCl 3 at 300 MHz.
Molar masses of the block copolymers were measured by GPC in N,N-dimethylformamide (DMF) using 2 x Plgel Mixed-D columns, a refractive index detector ∆n-1000 from WGE Dr. Bures and a multiangle laser light scattering detector DAWN EOS from Wyatt Technologies. The results were evaluated using the ASTRA software from Wyatt Technologies. The refractive index increment of PEO in DMF was assumed to 0.05 mL/g [42] and that of polyglycidol was measured to 0.054 ml/g. The refractive index increments of the block copolymers were calculated from the above given values assuming simple additivity.
Differential scanning calorimetry was performed with a DSC-2010 TA Instruments in the range from -80 to 120°C with a heating rate of 10°C/min. Samples of c. 10 mg were run in nitrogen atmosphere. Indium was used for temperature calibration. The degree of crystallinity of the PEO fraction in the sample was calculated from Eq. (2):
,% 100 Swelling experiments were performed gravimetrically as follows: a disc cut from the network film (diameter 6 mm, thickness 0.1 mm) was weighed and transferred into a test tube with distilled water. At regular intervals the disc was taken out, the excess solvent was removed from the surface with tissue paper; the disc was weighed and then returned to the medium. The water uptake (swelling degree), Q, has been calculated from Eq. (3), where w o is the initial weight of the dry sample and w is the weight of the swollen sample. 
Conclusions
Thermosensitive networks may be obtained from water-soluble non-LCST block copolyethers of ethylene oxide and glycidol by crosslinking them with glutaraldehyde and TEOS.
The temperature-responsive behaviour of the networks could be varied by the copolymer composition as well as the network density. Swelling-deswelling behaviour of the hydrogels could be further influenced introducing an inorganic filler (silica) in the network. The degree of crystallinity of the PEO segments in the network has definite influence on the equilibrium swelling at room temperature.
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